Biomass burning represents a major global source of aerosols impacting direct radiative forcing and cloud properties. Thus, the goal of a number of current studies involves developing a better understanding of how the chemical composition and mixing state of biomass burning aerosols evolve during atmospheric aging processes. During the Ice in Clouds Experiment-Layer Clouds (ICE-L) in the fall of 2007, smoke plumes from two small Wyoming Bureau of Land Management prescribed burns were measured by online aerosol instrumentation aboard a C-130 aircraft, providing a detailed chemical characterization of the particles. After ∼2-4 min of aging, submicron smoke particles, produced primarily from sagebrush combustion, consisted predominantly of organics by mass, but were comprised primarily of internal mixtures of organic carbon, elemental carbon, potassium chloride, and potassium sulfate. Significantly, the fresh biomass burning particles contained minor mass fractions of nitrate and sulfate, suggesting that hygroscopic material is incorporated very near or at the point of emission. The mass fractions of ammonium, sulfate, and nitrate increased with aging up to ∼81-88 min and resulted in acidic particles. Decreasing black carbon mass concentrations occurred due to
dilution of the plume. Increases in the fraction of oxygenated organic carbon and the presence of dicarboxylic acids, in particular, were observed with aging. Cloud condensation nuclei measurements suggested all particles >100 nm were active at 0.5 % water supersaturation in the smoke plumes, confirming the relatively high hygroscopicity of the freshly emitted particles. For immersion/condensation freezing, ice nuclei measurements at −32 • C suggested activation of ∼0.03-0.07 % of the particles with diameters greater than 500 nm. been identified as having a significant anthropogenic component, and emissions are expected to increase further by a warming climate and land-use changes (Westerling et al., 2006; Forster et al., 2007; Spracklen et al., 2009 ). In the western United States, biomass burning contributes ∼50 % of the annual average total carbonaceous aerosol mass concentrations and ∼30 % of total fine aerosol mass concentrations (Park et al., 2007) . Moreover, in the United States, large wildfire activity has increased in recent years with higher large-wildfire frequency, longer wildfire durations, and longer wildfire seasons, particularly in the mid-elevation northern Rocky Mountains (Westerling et al., 2006) . Recent modeling by Spracklen et al. (2009) estimates an increase of 54 % in the annual mean area burned in the western United States from 2000 to 2050, corresponding to increases in summertime organic carbon (OC) and elemental carbon (EC) aerosol concentrations in the western United States of 30 % and 19 %, respectively.
Numerous studies have investigated the physical and chemical characteristics of biomass burning aerosols. In general, fresh dry smoke particles, primarily in the submicron size range, have been found to consist of ∼80 % OC, ∼5-9 % black carbon (BC), and ∼12-15 % trace inorganics, such as potassium, sulfate, chloride, and nitrate (Reid et al., 2005b) . These individual particles are usually internally mixed with a core of black carbon and alkali earth compounds coated with organics (Reid et al., 2005b) . Different fuels and combustion conditions produce particles of varying chemical composition, with potassium and soot enhanced in flaming combustion, for example (Reid et al., 2005b; Cahill et al., 2008) . Following emission, particle growth is rapid with aged smoke becoming enriched in sulfate, nitrate, organic acids and semivolatile organic species Reid et al., 2005b) . Most chemical characterization studies have utilized filterbased thermal desorption methods to quantify OC and BC; however, these methods can suffer from sampling artifacts and uncertainties in evolution temperatures. Thus, quantification of organic carbon and black carbon from biomass burning was identified in a review by Reid et al. (2005b) as the greatest need in smoke particle chemistry research. A secondary recommendation by Reid et al. (2005b) was to investigate further the aging of smoke particles immediately following emission with high time resolution to bridge the gap between fresh and aged biomass burning aerosols, the physical and chemical properties of which impacts optical properties and cloud-forming potentials.
Most airborne plume studies, including recent measurements (Capes et al., 2008; Yokelson et al., 2009) , have focused on large fires. Herein we examine two relatively small prescribed burns at low ambient temperatures. Prescribed fires provide the opportunity for a detailed characterization of both burn conditions and consequent emissions in a real-world setting, combining the advantages of studying wildfires and laboratory fires. In addition, prescribed fires may serve as a means to reduce CO 2 fire emissions in the western United States (Wiedinmyer and Hurteau, 2010) . During the Ice in Clouds Experiment-Layer Clouds (ICE-L) in November 2007, the smoke plumes of two prescribed burns were intercepted during flights of the National Center for Atmospheric Research/ National Science Foundation (NSF/NCAR) C-130 aircraft. The young smoke plumes were investigated in detail utilizing a unique suite of real-time aerosol instrumentation, measuring single-particle chemical composition, non-refractory aerosol mass concentrations, and black carbon mass concentrations. Concurrent measurements of CCN and IN were also obtained and provide a basis for discussing aerosol cloud activation properties.
Experimental

Overview
Measurements within two Wyoming Bureau of Land Management (BLM) prescribed burn smoke plumes were made aboard the NSF/NCAR C-130 aircraft during ICE-L research flights #1 (RF01) and #3 (RF03) in November 2007. An overview of the prescribed burns and ground conditions, provided by the Wyoming BLM, is detailed in Table 1 , presenting date, latitude, longitude, elevation, burn time, ambient temperature, relative humidity, wind speed, burn area, fuel types, and live fuel moisture. There was no surface snow cover in the vicinity of these burns. The flight procedure was as follows: when a smoke plume was sighted, the C-130 crossed the plume centerline at a downwind location and then turned into the wind, following the smoke toward its source. C-130 aircraft sampling time periods and altitudes are shown in Table 2 . Background concentrations were measured immediately before and after sampling of the plume (generally ∼30 s to 2.5 min). Differing sampling time delays were accounted for to synchronize all data shown herein. Latitude, longitude, and altitude were sampled at 10 Hz by GPS and averaged to 1 Hz.
Carbon monoxide (CO) was measured at 1 Hz using a vacuum ultraviolet resonance fluorescence instrument (Aero-Laser AL5002). Ozone (O 3 ) was measured at 1 Hz using an "inverse" NO chemiluminescence instrument. Relative humidity was measured using a Buck Research multistage hygrometer (±5 % uncertainty). An Ultra High Sensitivity Aerosol Spectrometer (UHSAS, Particle Metrics Inc., Boulder, CO) provided size-resolved aerosol number concentrations (0.1-1.0 µm in diameter). Calibration of the UHSAS was performed using standard polystyrene latex spheres, which may underestimate the size of smoke particles, which have lower refractive indices (Reid et al., 2005a) ; spherical particles were assumed to obtain sizeresolved volume distributions, consistent with previous wildfire studies (e.g., Yokelson et al., 2009) . Total condensation nuclei (CN) concentrations were measured using a condensation particle counter (CPC, TSI Model 3760), detecting particles >∼13 nm in diameter and corrected for coincidence. Aerosol chemical composition was measured using several real-time techniques, described below.
Aircraft aerosol time-of-flight mass spectrometer (A-ATOFMS)
In-situ measurements of the size-resolved chemical composition of individual submicron particles were made using the recently developed aircraft aerosol time-of-flight mass spectrometer (A-ATOFMS) . The A-ATOFMS measures, in real-time, the vacuum aerodynamic diameter (d va ) and dual-polarity mass spectra of individual particles from ∼70-1200 nm (d va ). Following a 210 Po neutralizer and pressure-controlled inlet (Bahreini et al., 2008) , particles are focused in an aerodynamic lens system. Particles are optically detected by two continuous wave 532 nm lasers spaced 6.0 cm apart, providing particle velocity and, thus, d va . Polystyrene latex spheres of known physical diameter from 95-1500 nm were used for the particle size calibration. During ICE-L, particles were desorbed and ionized using 266 nm radiation from a Q-switched Nd:YAG laser operating at ∼0.4-0.6 mJ. Positive and negative ions resulting from individual particles are detected within the time-of-flight mass spectrometer. For the analysis discussed herein, 162 and 1212 individual particles were chemically analyzed during RF01 and RF03 plume sampling, respectively. Standard errors of particle type number percentages were calculated assuming Poisson statistics. Mass spectral peak identifications correspond to the most probable ions for a given m/z ratio based on previous lab and field studies; the peak area of a specific m/z is related the amount of a specific species on each particle (Bhave et al., 2002) .
Compact time-of-flight aerosol mass spectrometer (C-ToF-AMS)
The Aerodyne compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) () measured the mass concentrations of non-refractory species (organics, sulfate, nitrate, ammonium, and a fraction of chloride) in real-time. Particles of d va ∼50-800 nm are focused by an aerodynamic lens system, sent through a 3.5 % chopper, and then impacted onto a tungsten vaporizer operated at 550-560 • C. The chopper can be operated in three modes to gather either background mass spectra, ensemble average mass spectra over all particle sizes, or size-resolved mass spectra. Measurements of chloride and other semirefractory species are reported herein, but concentrations of these species are significantly underestimated by the C-ToF-AMS because they are not efficiently volatilized at the vaporizer temperature (550-560 • C) used. Once vaporized, molecules undergo electron impact ionization and are extracted at a rate of ∼53 kHz into a time-of-flight mass analyzer. For this airborne deployment, the C-ToF-AMS was fitted with a pressure-controlled inlet (Bahreini et al., 2008) to prevent fluctuations in particle sizing and focusing with ambient pressure. Detection limits were calculated as the standard deviation of the noise when measuring filtered air (15 s averaging): organics (0.08 µg m −3 ), sulfate (0.02 µg m −3 ), nitrate (0.01 µg m −3 ), ammonium (0.07 µg m −3 ), and chloride (0.01 µg m −3 ). In practice, detection is often limited by counting statistics at low aerosol loadings. Considering an average smoke particle density of ∼1.2 g cm −3 (Reid et al., 2005b) , comparison of the C-ToF-AMS size-resolved mass distribution with the UHSAS volume distribution yields an estimated collection efficiency (CE) (Huffman et al., 2005) of ∼0.28-0.55, similar to a previously derived CE of 0.34 for ambient biomass burning measurements (Capes et al., 2008) . Changes in the estimated CE through the plumes suggests changes in particle phase , density, and/or the fraction of refractory material; herein, a CE of 0.4 is utilized with reported uncertainties reflecting variability in CE, as well as the mass measurement. In addition, due to possible interference from the abundance of organics (and because nitrate mass loadings were very low), reported nitrate mass concentrations may be a factor of 2-3 high; this is reflected in the reported uncertainty for the nitrate and organic mass concentrations. Oxygen/carbon (O/C) ratios were calculated from unit resolution mass spectra following the estimation method developed, using a high resolution ToF-AMS, by Aiken et al. (2008) :
where x is the percentage of organic aerosol mass from m/z 44(CO + 2 ), which was corrected based on background gas-phase CO 2 concentration. Given that CO 2 concentrations are enhanced within smoke plumes, this may lead to an overestimation of the organic aerosol mass and O/C ratio.
Single particle soot photometer (SP2)
Particles containing black carbon (BC) were measured by a single particle soot photometer (SP2, Droplet Measurement Technologies, Boulder, CO), a laser-induced incandescence instrument (Schwarz et al., 2006; Baumgardner et al., 2008) . During ICE-L, the SP2 measured BC mass in the range of 0.5-10.5 fg-BC (0.08-0.22 µm BC mass equivalent diameter); BC particles greater than ∼10.5 fg saturate the incandescence detector. Due to the limited BC mass range, scaling factors for the below-and above-detection limit BC masses were generated and applied to estimate total BC mass. The estimated uncertainty in BC mass is ±20 % (Baumgardner et al., 2007) ; however, variations in BC mass were observed to be greater and thus are noted as the variability in BC mass fraction. The separation between the scattering and incandescent peaks, termed the incandescent lag, was utilized to examine the BC coating thickness where "thinly-coated" BC particles have short incandescent lags (<2 µs) and "thicklycoated" BC particles have longer incandescent lags (>2 µs) (Moteki and Kondo, 2007; Moteki et al., 2007; Subramanian et al., 2010) . Since the lower limit of the scattering detector is ∼200 nm, the reported number fraction of thickly-coated BC particles is likely a lower limit .
Cloud activation measurements
CCN number concentration measurements were made using a stream-wise thermal gradient CCN counter (Droplet Measurement Technologies, Boulder, CO), described previously in detail by Roberts and Nenes (2005) . During plume measurements, water supersaturation was held constant at 0.5 %. CCN concentrations were corrected for ambient temperature and pressure. The number concentrations of ice-nucleating aerosol particles were measured in real-time using a continuous flow diffusion chamber (CFDC) (Rogers et al., 2001; . By simulating cloud conditions at relative humidities exceeding 102 % (with respect to water), the CFDC emphasized condensation/immersion freezing nucleation. Use of an impactor limited sampling to primarily submicron particles (<∼1.5 µm in aerodynamic diameter) prior to CFDC processing in order to distinguish ice crystals nucleated in the CFDC from non-activated aerosol particles using optical methods.
Results and Discussion
Prescribed burn and plume conditions
In November 2007, two Wyoming BLM prescribed burn smoke plumes were characterized by instruments on the NSF/NCAR C-130 aircraft. Ground-based details of the burns are noted in Table 1 . The fuels of the RF01 and RF03 burns were dominated by live mountain big sagebrush (Artemisia tridentate ssp. vaseyana) (∼90 % and ∼75 %, respectively) with fuel moistures estimated at ∼82 % and ∼70 %, respectively. From ground-based observations, the RF01 burn was characterized as a flaming fire with 3-5 m flame lengths and a burn rate of 0.8-1.0 km h −1 . Although the RF03 burn was also characterized as a flaming fire, a smoldering component was observed to be associated with the dormant mountain mahogany (Cercocarpus). These prescribed burns were relatively small with burn areas of ∼0.8-0.9 km 2 and 0.3 km 2 , respectively, too small for detection by satellite imagery. Photographs of the RF03 prescribed burn location prior to the burn, as well as the smoke plume as viewed from the C-130 aircraft, are shown in Fig. 1 .
Smoke plume RF01
The C-130 aircraft intersected the RF01 smoke plume for a period of ∼4 min (aircraft time) with sampling occurring at 1.0-1.8 km above ground level, as shown in Table 2 . Based on average wind speeds, burn location, and flight path, the transport time of the smoke plume particles sampled was ∼17-30 min from the burn source to the sampling points. CO concentrations within the plume (80-184 ppbv) were up to 2.3 times greater than those measured in the nearby background air (81±1 ppbv). O 3 concentrations within the plume were similar to background conditions; however, longer plume aging may be required for the photochemical production of O 3 (Goode et al., 2000; Yokelson et al., 2009) . Total CN number concentrations within the smoke plume (193-9591 cm −3 ) were up to ∼45 times greater than background conditions (211±12 cm −3 ). Similarly, number concentrations of particles with 0.11-0.1 µm diameters (N >0.1 ) (33-4949 cm −3 ) were elevated by up to a factor of ∼88 compared to background concentrations (56±19 cm −3 ). CN/ CO ratios, calculated by dividing excess CN ([CN] -[CN background ]) by excess CO ([CO] -[CO background ]), ranged from 2-3261 cm −3 ppbv −1 . Similarly, N >0.1 / CO ratios were 0.6-347 cm −3 ppbv −1 , which span a larger range and a higher values than previous measurements of fresh Amazonian smoke (<76 cm −3 ppb −1 ) summarized by Guyon et al. (2005) . For this small section of the plume, CN and N >0.1 were not highly correlated with CO (R 2 = 0.29 and 0.38, respectively).
Smoke plume RF03
The RF03 smoke plume was sampled for ∼18 min (aircraft time) at 0.2-3.5 km above ground level, as described in Table 2. Four time periods were selected to focus analyses during this long time interval. Period 1 corresponds to the sampling closest to the burn, where smoke particle age was calculated to be ∼2-4 min. The furthest sampling point from the burn source corresponded to a smoke age of ∼117 min. This long span allows an examination of transformations as the smoke particles aged.
The temporal profile of size-resolved particle number concentrations with associated CO and O 3 concentrations is shown in Fig. 2 . Large variations in the measurements reflect the meandering of this small plume and the effects of turbulence mixing with the relatively clean background. Since CO data are not available for sampling closest to the burn source, 
RF03 temporal profiles of UHSAS size-resolved particle number concentrations are illustrated with associated concentrations of CO, O 3 , CN, and particles >0.1 µm. Since CO data are not available for sampling closest to the burn source, maximum concentrations are estimated to be greater than the highest measured value of 311 ppbv, well above the average background air concentration of 92.6±0.9 ppbv. The aircraft was flying into the wind, as indicated by the arrow; therefore, later sampling times correspond to sampling closer to the fire source. Discussed time periods and calculated smoke plume ages are noted.
maximum concentrations are estimated to be greater than the highest measured value of 311 ppbv, well above the background air concentration of 92.6±0.9 ppbv. Consistent with sampling closer to the burn source, CN number concentrations (203-66061 cm −3 ) were up to ∼76 times greater than background conditions near the fire source (865±570 cm −3 ). Similarly, N >0.1 number concentrations (17-12698 cm −3 ) were elevated by up to a factor of ∼70 compared to background concentrations (183±55 cm −3 ). As shown in Fig. 2 , the particle diameter mode of the fresh smoke particles was ∼170 nm, consistent with previously reported count median diameters of 100-160 nm for fresh smoke (Reid et al., 2005b) . Although CO concentrations are not available for the entire plume, x/ CO ratios were calculated for the remainder of the plume (see Fig. 2 for measurement periods). CN/ CO ratios ranged from 3-11 520 cm −3 ppbv −1 ; similar to RF01 plume sampling, a high correlation between CN and CO was not observed (R 2 = 0.30). However, a high correlation was observed between N >0.1 and CO (R 2 = 0.93). O 3 concentrations peaked at 114 ppbv near the RF03 plume source, steadily decreased below even background conditions to 79 ppbv within the plume, and rose back to 103 ppbv with mixing with background air (prior to 22:09:14) ( Fig. 2 ), suggesting initial O 3 production, followed by O 3 destruction within the plume. This contrasts the reported photochemical production of O 3 in the presence of NO x observed within most biomass burning plumes during aging (e.g. Goode et al., 2000; Hobbs et al., 2003) ; however, periods of negative O 3 have been observed for smoke ages <5 min and low ultraviolet intensities (Stith et al., 1981) . The production or loss of O 3 is dependent on NO x concentrations, wherein HO 2 radicals formed from the oxidation of CO can react with O 3 to form OH rather than reacting with NO (Crutzen et al., 1999) . In this study, the observed O 3 destruction following an initial possible burst of O 3 production is difficult to interpret without the measurement of other gas phase species, particularly NO x .
The next sections describe the evolution of particle chemistry, as a function of particle age from the source of the burn. The fresh samples (∼2-4 min in age) are described first, followed by the more aged samples.
Fresh biomass burning chemical signature
The chemical composition of smoke plume particles was measured within the RF03 smoke plume from 22:25:57-22:26:31 UTC (Period 1), corresponding to a plume age of ∼2-4 min. Overall, the fresh biomass burning particles were observed, by C-ToF-AMS, SP2, and A-ATOFMS, to be internal mixtures of organic carbon, elemental carbon, and potassium chloride and sulfate salts. Mass concentrations of submicron non-refractory species, including organic carbon, nitrate, sulfate, ammonium, and a fraction of chloride, were measured by the C-ToF-AMS; black carbon mass concentrations were measured by the SP2. The mixing of individual chemical species within single particles was measured by A-ATOFMS. Based on C-ToF-AMS and SP2 measurements, the average mass fractions [with uncertainty ranges] for these fresh (Period 1) (Table 3 and Fig. 3 ). These results are in good agreement with previous measurements of fresh dry smoke particle composition: ∼80 % OC, ∼5-9 % BC, and ∼12-15 % trace inorganics, such as potassium, sulfate, chloride, and nitrate (Reid et al., 2005b) . It is important to note that traditional filter-based BC measurements can overestimate BC mass due to interferences from organics Subramanian et al., 2010) . The mass fractions calculated herein assume that refractory species not measured by the C-ToF-AMS and SP2 contribute only minor fractions to the total submicron mass, providing upper limits for the species mass fractions. Refractory species, such as potassium salts and mineral dust, are not measured by the C-ToF-AMS, which operated with a vaporizer temperature of 550-560 • C. Volatilization rates of KCl and K 2 SO 4 become important at 700-800 • C and above 1000 • C, respectively (Knudsen et al., 2004) . Previous measurements of burning dry sagebrush have shown contributions of potassium and chloride up to ∼24 % and ∼10 % of the total Fig. 3. (a) Submicron aerosol mass fractions considering black carbon, measured by the SP2, as well as non-refractory organics, sulfate, nitrate, ammonium, and chloride, measured by the C-ToF-AMS for the four RF03 plume periods, as well as the RF01 plume average. Uncertainty ranges in the mass fractions are noted in Table 3. The O/C ratio of the organics, measured by the C-ToF-AMS, is also illustrated. (b) Submicron average species mass concentrations measured by the SP2 and C-ToF-AMS; note that average organic mass concentrations during Period 1 (age ∼2-4 min) and RF01 are offscale: 129 µg m −3 and 15 [5-33] µg m −3 , respectively. aerosol mass, respectively, which were significantly higher than other tested fuels . The presence of these species within the fresh biomass burning particles was confirmed by A-ATOFMS. In addition, refractory OC, shown previously to contribute to biomass burning aerosols (Clarke et al., 2007) , may not be measured by the C-ToF-AMS.
Throughout RF03 plume sampling, 84±1 % of the submicron (∼0.1-1.0 µm) particles by number were identified by A-ATOFMS as having one dominant biomass burning mass spectral signature, characterized by potassium internally mixed with carbonaceous species (Silva et al., 1999; Hudson et al., 2004) . The average positive and negative ion mass spectra of the fresh (Period 1) biomass burning particles are shown in Fig. 4 . The particles were characterized by potassium (m/z 39/41(K + ), 78(K + 2 )), organic carbon (OC) and organic nitrogen (m/z 27(C 2 H + 3 /NCH + ), 37(C 3 H + ), 50 (C 4 
3 )), and sulfate (m/z −80(SO − 3 ), −97(HSO − 4 )), similar to observations by Silva et al. (1999) in laboratory studies. Potassium sulfate (m/z 213(K 3 SO + 4 )), potassium nitrate (m/z −163(K(NO 3 ) − 2 )), and potassium chloride (m/z 113/115(K 2 Cl + ), −109/−111(KCl − 2 )) were also present in ∼63-73 % of the fresh biomass burning particles, likely due to the contribution from flaming combustion (see Sect. 3.1), as potassium concentrations have been observed to decrease exponentially from flaming to smoldering combustion (Cahill et al., 2008) . While previous studies have shown primarily KCl in fresh biomass burning aerosols with little contribution from sulfur species , the presence of K 2 SO 4 has been suggested to be a function of fuel composition and burn conditions (Pósfai et al., 2003) . Consistent with the very low mass fraction of ammonium observed by the C-ToF-AMS, only 8±4 % of the fresh biomass burning particles were observed by A-ATOFMS to be internally mixed with ammonium (m/z 18 (NH + 4 )). Despite the low mass fractions of nitrate and sulfate observed by the C-ToF-AMS during Period 1, 100 % of these fresh (Period 1) biomass burning particles by number were internally mixed with nitrate (m/z −62(NO − 3 )) and 92±4 % contained sulfate (m/z −97(HSO − 4 )), as measured by A-ATOFMS. This is a significant finding, showing that all freshly-emitted biomass burning particles contain some hygroscopic material at the point of emission, even if initially at low mass concentrations. This has important ramifications for cloud formation in regions of major fires.
The C-ToF-AMS size distribution of organics during RF03 Period 1 shows the mass diameter peaking at ∼270 nm d va . The organics were characterized by an O/C ratio of 0.25±0.02, which is in excellent agreement with fresh laboratory biomass burning organics (O/C ratio 0.15 to 0.39) (Weimer et al., 2008; Grieshop et al., 2009 ). An ion peak at m/z 60, attributed to levoglucosan (Schneider et al., 2006; Alfarra et al., 2007) , a degradation product of cellulose (Simoneit et al., 1999) , comprised 1.09 ±0.04 % of the total organic signal, in agreement with previous AMS observations of 1-7 % (Weimer et al., 2008; Grieshop et al., 2009 ). Further, laboratory measurements of levoglucosan/OC mass ratios for PM 2.5 resulting from sage combustion were previously observed to be 1.6-4.1 % (Sullivan et al., 2008) . In agreement, A-ATOFMS measurements suggested that 40±7 % of the fresh biomass burning particles contained levoglucosan (m/z −71(C 3 H 3 O − 2 )) and 60±7 % contained oxalate (m/z −89(C 2 O 4 H − )) (Sullivan and Prather, 2007) , consistent with previous filter-based observations of .
Consistent with the results discussed herein, previous single-particle mass spectrometry observations of a ∼2 h old large forest fire plume showed over 90 % of the particles contained potassium, being classified as having a biomass burning mass spectral signature (Hudson et al., 2004) . Similarly, using electron microscopy, organic particles with crystalline potassium salt inclusions were observed to be the most abundant type in smoke plumes (Pósfai et al., 2003) . Within the sampled RF01 and RF03 smoke plumes, 33±4 % and 16±1 %, respectively, of the submicron particles were not classified by the biomass burning mass spectral signature. All EC was observed by the A-ATOFMS to be internally mixed with OC, in agreement with the Hudson et al. (2004) study. Any EC particles smaller than 70 nm (d va ), not examined in this study, would comprise a minor fraction of the particle number and mass fractions, given the size mode at ∼170 nm (Fig. 2) . This A-ATOFMS observation of EC internally mixed within the biomass burning particles is consistent with the RF03 SP2 measurements, which showed that ∼47 % of the measured BC (defined here as EC + polycyclic aromatic hydrocarbons) particles (0.08-0.22 µm BC mass equivalent diameter) were thickly-coated during Period 1 (aerosol age ∼2-4 min). This is consistent with the smoldering component of the RF03 prescribed burn.
Fig. 5.
A-ATOFMS average positive and negative ion mass spectra for biomass burning particles during RF03 Period 1 (age ∼2-4 min) subtracted from biomass burning particles during RF03 Period 4 (age ∼81-88 min). Positive intensity ion peaks indicate species added during aging of the individual biomass burning particles; negative intensity ion peaks indicate species with higher ion intensities within the fresh particles. Only ion peaks above 95 % confidence limits following subtraction are shown.
For the RF03 plume, an average of 2 % of the submicron particles by number were classified by the A-ATOFMS as OC internally mixed with sulfate and nitrate; a larger fraction (28±4 %) of these OC particles were observed within the RF01 plume. For the RF03 and RF01 plumes, 0.7±0.2 % and 2±1 %, respectively, of the particles were classified as EC mixed with OC, sulfate, and nitrate. Mineral dust, which is lofted from the ground during fires, contributed 1.4±0.3 % and 2±1 %, respectively to the RF01 and RF03 plume submicron particles by number. This is consistent with the minor contributions observed previously by Li et al. (2003) . Finally, 11±1 % and 2±1 % of the particles in the RF01 and RF03 plumes, respectively, produced only negative ion mass spectra containing nitrate and sulfate; the origin of these particles is still being investigated. They could be representative of particles with thicker nitrate coatings due to gas-to-particle condensation occurring at cooler temperatures.
Aging of smoke plume particles
RF03 plume sampling corresponded to particles ranging from ∼2 min to ∼2 h in age; whereas, the single, shorter RF01 plume sampling period corresponded to ∼17-30 min aged particles (Table 2) . Thus, aging of the RF03 plume particles across the plume is discussed herein and compared to the RF01 plume average. A comparison of the A-ATOFMS average mass spectral signatures for the RF03 Period 1 and Period 4 biomass burning particles is shown in Fig. 5 . As expected, excess black carbon mass concentrations ( BC = [BC] -[BC background ]), measured by the SP2, were linearly correlated with CO (R 2 = 0.79, Fig. 6a ) through the RF03 smoke plume, showing that BC mass concentration changes were consistent with dilution. Average BC/ CO was observed to be 0.018±0.001 µg m −3 ppbv −1 , slightly higher than previously observed by Hobbs et al. (2003) for a savanna fire (0.0056-0.0105 µg m −3 ppbv −1 ) using a filterbased optical transmission technique to measure BC. BC mass fractions were similar (within uncertainties) for all time periods, including the RF01 plume (Table 3 ).
Organics
Excess organic mass concentrations (above background conditions), measured by the C-ToF-AMS, were linearly correlated with CO (R 2 = 0.95, Fig. 6b ) for the RF03 plume. However, a straightforward dilution did not occur as the organic aerosol composition changed within the plume with the O/C ratio increasing with decreasing CO (Fig. 6c) , similar to the observations of Capes et al. (2008) . Over the course of RF03 plume sampling, the O/C ratio increased from 0.25±0.02 for an aerosol age of ∼2-4 min to 0.65±0.05 for an aerosol age of ∼81-88 min (Fig. 3a) . The intermediate O/C ratio of 0.44±0.12 measured for the RF01 plume (aerosol age ∼17-30 min) is consistent with the oxidation timescale observed for the RF03 plume (Fig. 3a) . The increasing O/C ratio with aging is consistent with an increasingly oxygenated organic aerosol Heald et al., 2010) . Hawkins and Russell (2010) observed the formation of carboxylic acid groups with loss of ketone groups, significantly increasing the O/C ratio, in the aging of biomass burning organic aerosol; however, the timescale of oxygen uptake via heterogeneous reaction with OH alone is too slow to explain the increased O/C ratios here Kessler et al., 2010) . Considering the O/C ratio of the nearby background organic aerosol (0.61-0.95), ∼25 % of the observed bulk O/C ratio increase from RF03 Periods 1-3 is estimated to be due to mixing with background aerosol, using the method of Murphy et al. (2009) . For Period 4, this dilution influence increases to over 50 %; however, this estimate is highly uncertain given the low loadings of this period and the background, as well as the still high abundance of biomass burning particles, measured by A-ATOFMS. Since the organic/ CO ratio was relatively constant, it is likely the aerosol transformed by: (1) repartitioning of more volatile, less oxygenated organic species to the gas phase following heterogeneous reactions and/or dilution, resulting in a more oxidized organic aerosol (Kroll et al., 2009) , as well as (2) condensation of oxidized organics (Donahue et al., 2006) , such as dicarboxylic acids, as discussed below. As noted by Capes et al. (2008) and Hennigan et al. (2011) for similar observations of the aging of biomass burning organic aerosol, the mechanisms must balance one another to keep the organic/ CO ratio constant.
Consistent with the increased fraction of oxidized organics measured by C-ToF-AMS, A-ATOFMS measurements of biomass burning particles show increased ion peaks areas, proportional to mass, associated with oxidized organics (m/z 43(CH 3 CO + )), and decreased ion peak areas for non-oxygenated organics (e.g. m/z 27(C 2 H + 3 ), 37(C 3 H + ), 50(C 4 H + 2 ), 77(C 6 H + 5 )) with aging, as shown in Fig. 5 . Further, the C-ToF-AMS O/C ratio was correlated (R 2 = 0.5) with the A-ATOFMS oxidized organics/total organics ratio, calculated by dividing the relative peak area of m/z 43(CH 3 CO + ) by the sum of the relative peak areas of representative organic ions (m/z 27(C 2 H + 3 ), 29(C 2 H + 5 ), 37(C 3 H + ), 43(CH 3 CO + )), as defined by Spencer and Prather (2006) . A-ATOFMS measurements show the accumulation of organic acids on biomass burning particles as the plumes aged (Fig. 5) . In general, organic acids have been shown to account for >3 % of particle mass in aged smoke particles compared to <1 % in fresh smoke (Reid et al., 2005b) . The number fraction of biomass burning particles containing oxalate (m/z −89(C 2 O 4 H − )) increased from 60±7 % to 94±4 % with aging from ∼2-4 min to ∼81-88 min within the RF03 plume, with the RF01 plume showing an intermediate fraction (87±3 %), as expected. Concurrent with the increased fraction of particles internally mixed with oxalate, the average m/z −89 peak area, which is proportional to oxalate mass, also increased by a factor of 6±4, as illustrated in Fig. 5 . Similarly, the number fractions of biomass burning particles internally mixed with malonate (m/z −103(C 3 O 4 H − 3 )) and succinate (m/z −117(C 4 O 4 H − 5 )) (Sullivan and Prather, 2007) also increased significantly from 15±5 % and 25±6 %, respectively, to 66±8 % and 77±7 %, respectively, with aging from ∼2-4 min to ∼81-88 min within the RF03 plume, with the RF01 plume showing an intermediate fraction. Similar to oxalate, the A-ATOFMS malonate and succinate peak areas, proportional to mass, increased by factors of 5±4 and 8±5, respectively, with aging, as shown in Fig. 5 . These data are consistent with previous smoke plume observations of the concentrations of oxalate and succinate increasing by at least an order of magnitude after ∼40 min of aging, although malonate was absent from most of the savanna fire aerosols . Gao et al. (2003) concluded that the most likely pathways for the addition of dicarboxylic acids during biomass aging are the oxidation of larger organic molecules at the particle surface through heterogeneous reactions or aquous reactions inside the particle. However, Yokelson et al. (2009) observed formation of gas-phase organic acids within aging smoke plumes. Thus, additional laboratory studies under relevant ambient conditions are required to further understand the mechanism(s) of plume aging resulting in a more oxidized organic aerosol. These studies should strive to reproduce relevant oxidant and precursor concentrations, as well as dilution conditions and temperatures.
Levoglucosan, a degradation product of cellulose, is often used as a marker of fresh biomass burning (Simoneit et al., 1999) . ∼40-65 % of the biomass burning particles, by number measured by the A-ATOFMS, were characterized by m/z −71 (C 3 H 3 O − 2 ), previously observed to be a marker of levoglucosan (Silva et al., 1999) . The contribution of the C-ToF-AMS marker of levoglucosan, m/z 60, to the total organic aerosol decreased from 1.09±0.04 % to 0.3±0.5 % with aging from ∼2-4 min to ∼81-88 mins within the RF03 plume. However, for the RF01 plume average (age ∼17-30 min), the m/z 60 fraction was higher at 1.3±0.1 %. While atmospheric lifetimes of levoglucosan have been estimated at ∼0.7-11 days (Hennigan et al., 2010; Kessler et al., 2010) , recently Hennigan et al. (2011) observed a rapid decay, five times faster than the OH collision rate, of levoglucosan in the photooxidation of open biomass burning emissions. Gao et al. (2003) observed chloride mass concentrations to decrease by a factor of two from ∼7-40 min of aging; however, the possible decreasing trend was unclear due to a lack of data points. In this study, average C-ToF-AMS non-refractory chloride mass fractions were within standard deviations for all plume periods (Table 3 ). Electron microscopy studies have noted the transformation of KCl to K 2 SO 4 and KNO 3 during aging Yokelson et al., 2009) . Similarly, the A-ATOFMS number fraction of biomass burning particles with the potassium chloride ion peak m/z 113(K 2 Cl + ) decreased slightly with plume aging from 67±7 % to 46±8 % with aging from ∼2-4 min to ∼81-88 min within the RF03 plume; however, average m/z 113(K 2 Cl + ) and m/z −35(Cl − ) peak areas, proportional to mass, were within uncertainties for all periods, similar to the C-ToF-AMS data. For the RF01 plume biomass burning particles, 80±4 % by number were characterized by m/z 113(K 2 Cl + ), suggesting that the fraction of particles containing potassium chloride salts likely varies for different fuels and fire conditions. In fact, different chloride emission factors were observed by McMeeking et al. (2009) for different fuels, with sagebrush having one of the highest emission factors measured. Indeed, the RF01 fire was characterized by a higher sagebrush fuel fraction (∼90 %) compared to that of the RF03 plume (∼75 %) (Table 1) .
Chloride
Ammonium, nitrate, and sulfate
During smoke plume aging, aerosols accumulate sulfate and nitrate by acquiring NO x and SO 2 oxidation products (e.g. Gao et al., 2003; Hudson et al., 2004; Yokelson et al., 2009 ). In particular, several studies have shown the transformation of KCl to K 2 SO 4 and KNO 3 during plume aging (Gaudichet et al., 1995; Li et al., 2003; Yokelson et al., 2009 and Gao et al. (2003) observed significant increases in nitrate mass concentrations with plume aging of ∼40 min. During the RF03 smoke plume, excess nitrate and ammonium (plume minus background concentrations), measured by the C-ToF-AMS, were positively correlated (R 2 = 0.66), suggesting the addition of ammonium nitrate with aging, confirmed by the A-ATOFMS singleparticle mixing (Fig. 5 ). Initial increases in the mass fractions of ammonium and nitrate were measured from 0.3 % [0.2-0.4 %] and 2 % [1-4 %], respectively, for an aerosol age of ∼2-4 min (Period 1) to 3 % [1-3 %] and 8 % [2-10 %], respectively, for an age of ∼32-39 min (Period 2), after which the mass fractions stayed constant (Table 3 and Fig. 3a ). Correspondingly, the number fraction of biomass burning particles, measured by A-ATOFMS, internally mixed with ammonium (m/z 18(NH + 4 )) increased from 8±4 % to 28±4 % from Period 1 to Period 2 with increased ammonium peak areas for the aged particles, as shown in Fig. 5 . Nearly 100 % of all biomass burning particles, measured by the A-ATOFMS, were internally mixed with nitrate; nitrate (m/z −62(NO − 3 )) peak area increased by a factor of 3±1 from Period 1 to Period 2 and then stayed constant, consistent with the C-ToF-AMS observations. Similarly, the number fraction of biomass burning particle mass spectra characterized by m/z −125(H(NO 3 ) − 2 ) increased from 21±6 % to 59±5 % from Period 1 to Period 2, indicative of increasing nitrate mass on the individual particles. While the number fraction of biomass burning particles internally mixed with potassium nitrate (m/z −163(K(NO 3 ) − 2 )) did not show a clear trend with aging, the ion peak area increased by a factor of 3±2 with aging from RF03 Period 1 (age ∼2-4 min) to Period 4 (age ∼81-88 min). Liu et al. (2000) noted excess sulfate beyond that required for chloride replacement during smoke plume aging. During RF03 plume aging, the C-ToF-AMS sulfate mass fraction increased from 0.6 % [0-1 %] with ∼2-4 min of aging to 17 % [8-27 %] following ∼81-88 min of aging (Table 3 and Fig. 3a) . Accordingly, excess sulfate was not correlated with CO or ammonium. Nearly 100 % of all biomass burning particles were internally mixed with sulfate during all periods, as measured by A-ATOFMS; however, sulfate (m/z −97(HSO − 4 )) peak areas increased by a factor of 3±2 with aging from ∼2-4 min to ∼81-88 min, consistent with the C-ToF-AMS results. Previously, Hudson et al. (2004) , using single-particle mass spectrometry, measured higher median sulfate peak areas for aged, or transported, biomass burning events compared to fresh biomass burning particles.
The number fraction of biomass burning particles internally mixed with potassium sulfate (m/z 213(K 3 SO + 4 )) did not show a clear trend with aging.
During RF03 Period 1, the calculated C-ToF-AMS NH + 4meas /NH + 4neu ratio (Zhang et al., 2007) was calculated to be 0.40±0.08, indicating the presence of acidic particles. The A-ATOFMS number fraction of acidic particles increased with aging, as evidenced by the trend of the sulfuric acid ion marker m/z −195(H 2 SO 4 HSO − 4 )) (Denkenberger et al., 2007; Yao et al., 2011) . The number fraction of biomass burning particles internally mixed with sulfuric acid increased from 8±4 % at ∼2-4 min of aging to 28±4 % at ∼32-39 min and then stayed relatively constant with aging to ∼81-88 min. For a plume age of ∼17-30 min, 12±3 % of RF01 biomass burning particles were mixed with sulfuric acid.
Cloud activation properties
Cloud condensation nuclei
Wildfires serve as large sources of CCN (Hobbs and Radke, 1969; Eagan et al., 1974) with a wide range of hygroscopicities (Petters et al., 2009a; Carrico et al., 2010) . During RF03 plume aging from ∼2-4 min (Period 1) to ∼81-88 min (Period 4), CCN number concentrations, measured at a supersaturation of 0.5 %, ranged from ∼15 000 cm −3 to ∼350 cm −3 (Table 4 ) primarily due to dilution. Background RF03 CCN 0.5% concentrations were ∼230 cm −3 . For an assessment of CCN efficiency, the fractions of CCN relative to the N >0.1 and total CN (>13 nm) concentrations were calculated. For all periods of plume sampling, CCN 0.5% /N >0.1 ratios were greater than 1, suggesting activation at 0.5 % supersaturation of all particles greater than 100 nm in diameter throughout the smoke plumes. However, it should be noted that smaller, more hygroscopic particles may have activated before larger, less hygroscopic particles, as observed previously for laboratory smoke particles (Petters et al., 2009a) . For the youngest smoke particles (Period 1), the average CCN 0.5% /CN ratio was 1.12±0.26, showing that nearly all particles activated at 0.5 % supersaturation (Table 4) , as predicted by Petters et al. (2009a) based on laboratory measurements and modeling. Previously, sagebrush smoke particles were observed by Petters et al. (2009a) to be amongst the most hygroscopic of 24 tested biomass fuels. Lower CCN 0.5% /CN ratios were observed for RF03 Periods 2 and 3 (∼59 %), as well as for the RF01 plume (∼28 %), despite higher mass fractions of non-refractory sulfate and nitrate measured by the C-ToF-AMS. The lowest CCN 0.5% /CN ratio (∼11 %) was measured during Period 4 and is associated with the increased number concentration of <100 nm particles (likely from mixing with background air). It is generally observed that CCN efficiency increases with smoke particle aging (Andreae and Rosenfeld, 2008) . Condensation of components with low hygroscopicity still decreases the critical supersaturation due to the increase in particle size (Petters et al., 2009a) ; therefore, increased CCN activity with particle aging is expected. Overall, the biomass burning particles were found to be highly CCN active, particularly in contrast to the background aerosol.
Ice nuclei
IN can be produced by biomass combustion events (Hobbs and Locatelli, 1969; Pueschel and Langer, 1973) , but the exact source of IN remains unidentified both in the laboratory (Petters et al., 2009b) and in the atmosphere Stith et al., 2011) . For RF03 plume sampling during Periods 1-3, average IN number concentrations, measured at a CFDC processing temperature of −32 • C for condensation/immersion freezing nucleation, ranged from ∼22 L −1 to ∼10 L −1 (Table 4 ). Higher IN concentrations (∼30 and ∼47 L −1 , respectively) were measured during RF03 Period 4 and within the RF01 plume when the aerosol was processed at a slightly colder temperature (−34 • C). It is not known to what extent these results represent burn variability impacting IN production versus the modestly colder processing temperature that could favor an increase in IN concentration (Möhler et al., 2007) . Overall, IN concentrations within the smoke plumes were enhanced compared to background concentrations of ∼6-8 L −1 for RF01 and ∼4-6 L −1 for RF03.
During all plume sampling, the maximum observed IN/CN ratio (0.008 %) was <0.01 %, estimated by Petters et al. (2009b) as likely to strongly perturb IN concentrations on a regional scale. IN/N >0.1 ratios were also less than 0.01 % with IN/N >0.5 ratios of ∼0.03-0.07 % and ∼0.2-2 % for CFDC measurements at −32 • C and −34 • C, respectively. Previous laboratory measurements of immersion/condensation freezing of sagebrush combustion aerosols at −30 • C showed a IN/CN ratio below 0.0025 % for five out of seven samples, with a ratio of 0.25 % for two out of seven samples (Petters et al., 2009b) , consistent with the ratios measured herein. Considering plume 0.1-1.0 µm unreacted mineral dust number fractions, measured by the A-ATOFMS, of <0.4 % and activation of ∼6-20 % of mineral dust as ice nuclei (Field et al., 2006; Prenni et al., 2009 ), an IN/N >0.1 fraction of <0.08 % would be predicted, suggesting that mineral dust cannot be ruled out as the source of IN. Therefore, measurements are still needed to isolate the specific composition of IN within biomass burning plumes, as discussed by Twohy et al. (Table 4) , which is based a multi-project ambient air compilation and utilizes temperature and the fraction of particles >0.5 µm. This is likely due to the fact that the compositions of >500 nm particles in biomass burning plumes are representative of a specific source rather than the average ambient free troposphere Pratt and Prather, 2010) .
Conclusions
As a major source of aerosols, biomass burning emissions significantly impact global direct radiative forcing and cloud properties (Forster et al., 2007) . Given predicted increases in wildfires, particularly in the western United States (Westerling et al., 2006; Spracklen et al., 2009) , it is important to understand the physical and chemical properties of biomass burning aerosols, as well as their links to optical and cloud properties (Reid et al., 2005b) . Prescribed fires provide the opportunity for a detailed characterization of both burn conditions and consequent emissions in a realworld setting, combining the advantages of studying wildfires and laboratory fires. During ICE-L, the smoke plumes of two Wyoming BLM prescribed burns were intercepted aboard the NCAR/NSF C-130 aircraft. While most airborne plume studies have focused on large fires (e.g. Capes et al., 2008; Yokelson et al., 2009 ), this study examined two relatively small prescribed burns, characterized primarily by live mountain big sagebrush combustion, with particle aging examined in detail. The chemical composition of the biomass burning particles was investigated in detail utilizing a unique suite of real-time aerosol instrumentation, measuring sizeresolved single-particle chemical composition, size-resolved non-refractory mass concentrations, and black carbon mass concentrations. For one plume, the chemical composition was monitored in real-time for smoke particle aging from ∼2 min to ∼2 h. This work contributes to understanding the chemical composition and mixing state of biomass burning aerosols during aging from emission, using high time resolution measurements to bridge the gap between fresh and aged smoke particles, highlighted in a review by Reid et al. (2005b) as being a major need.
After ∼2-4 min of aging, the fresh biomass burning particles were primarily internal mixtures of organic carbon, elemental carbon, potassium chloride, and potassium sulfate. The submicron smoke particles consisted primarily of organics by mass, with an increased fraction of oxidized organics with aging, coincident with the increased presence of dicarboxylic acids. Significantly, nitrate and sulfate were internally mixed with 100 % of the fresh biomass burning particles, despite minor mass fractions, showing hygroscopic material present from the point of emission. Few fresh biomass burning particles by number were internally mixed with ammonium, consistent with the low ammonium mass fraction. Excess black carbon mass concentrations were correlated throughout the plumes with excess CO concentrations consistent with dilution. The mass fractions of ammonium, sulfate, and nitrate increased with aging and resulted in acidic particles, with both nitric acid and sulfuric acid present. Future work should focus on characterizing the partitioning and oxidation of organics during plume aging and dilution. CCN measurements at 0.5 % supersaturation with respect to water suggested activation of all particles >100 nm throughout the smoke plumes, confirming the high CCN activity of these freshly emitted particles. For immersion/condensation freezing, IN measurements at −32 • C suggested activation of ∼0.03-0.07 % of particles >500 nm. Mineral dust may be the source of the measured IN concentrations; however, future laboratory and ambient measurements are needed to specifically target and fully characterize the specific smoke plume particles acting as IN, since wildfires can be a significant source of IN (Petters et al., 2009b; .
